Virus particles were reassembled in vitro from the proteins of two cucumoviruses, the aphid-transmissible V strain of tomato aspermy virus (VTAV) or the non aphid-transmissible M strain of cucumber mosaic virus (MCMV) with the RNAs of either virus or that of tobacco mosaic virus. Particles reassembled from VTAV protein and RNAs from any of the three viruses were transmitted by the aphid, Myzus persicae, following virus acquisition through membranes. However particles reassembled from MCMV protein and RNAs from any of the three viruses were not transmitted by the aphids. These results indicate that the transmission of cucumoviruses by: aphids is determined solely by properties of their protein coats.
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Many important plant virus diseases are spread by aphids in a non-persistent manner (Kennedy et al., 1962) . This mode of transmission involves the acquisition of virus during short probes on infected plants by insects which are then able to transmit the virus for a short time only (Harris, 1977) . This type of transmission has also been termed stylet-borne (Black, 1959) or non-circulative (Harris, 1977) . Non-persistent transmission of some groups of viruses, such as the potyviruses, involves a virus-encoded 'helper component' protein (Berger & Pirone, 1986) . However, others such as alfalfa mosaic virus and cucumber mosaic virus (CMV) have been transmitted by aphids probing through membranes on highly purified virus preparations, indicating that transmissibility is the property solely of the virus particles (Pirone, 1964; Megahed & Pirone, 1966; Gera et al., 1979) .
CMV can be dissociated readily into its RNA and protein components and then reassembled into biologically active virus particles (Kaper, 1969) . Moreover, heterologous reassembly has been demonstrated between the proteins and RNAs of CMV and tomato aspermy virus (TAV), which both belong to the cucumovirus group (Habili, 1974) , and between CMV protein and the RNA of turnip yellow mosaic virus (TYMV), a tymovirus (Kaper & Geelen, 1971) . In this paper, we show that the aphid Myzus persicae, feeding through membranes, can acquire viruses reassembled from the coat protein of an aphid-transmissible TAV and the RNA of a non-transmissible CMV or tobacco mosaic virus (TMV), and transmit them to plants.
A colony of M. persicae derived from a single insect was maintained on Nicotiana tabacum cv. Xanthi in a growth chamber with 12 h nights at 20 °C and 12 h clays at 25 °C and 15 000 lx. The V strain of TAV (VTAV; Habili & Francki, 1974) was maintained in N. elevelandii by transmission with M. persicae under glasshouse conditions. The M strain of CMV (MCMV), a mutant (Mossop et al., 1976) which had lost its transmissibility by M. persicae (Mossop & Francki, 1977) was maintained by mechanical inoculation to N. clevelandii as was the U1 strain of TMV to N. tabaeum cv. White Burley. The viruses were purified as described previously (Francki et al., 1979; Boedtker & Simmons, 1958) and the viral RNAs were isolated by phenol extraction (Peden & Symons, 1973) . Cucumovirus proteins were dissociated from RNA by freezing and thawing virus preparations in 3 M-LiC1 (Kaper, 1969) . The precipitated RNA was removed by centrifugation at 10000 g for 10min, and then discarded. The supernatant fluid containing the protein was dialysed for 1 h against 2 M-LiCI in 0.5 M ~ :is-HC1 pH 8.4, then for 1 h against 1 M-LiC1 in the same buffer and finally, for 1 h against 0-5 M-LiC1 in 0.2 ~-Tris-HCl pH 8.4, containing 2.5 mM-DTT. The protein preparation was then clarified by centrifugation at 370000 g for 25 rain. Concentrations of protein and RNA were determined spectrophotometrically ~-0.~ = 2.5. assuming ~0.~v. = 1.25 and ~260
~280
To reassemble virus particles, protein and RNA (prepared by phenol extraction) were mixed in a ratio of 940 Short communication bled virus particles in the supernatant. Throughout all the manipulations precautions to exclude ribonuclease activity were taken by autoclaving equipment and solutions where possible. Virus preparations were examined in a JEM 100CX electron microscope after staining with 1~ uranyl acetate (Hatta & Francki, 1984) . The sedimentation properties of the viruses were examined by density gradient centrifugation. Infectivity of viruses containing cucumovirus RNAs was assayed on Chenopodium amaranticolor and of those containing TMV R N A on N.
glutinosa.
For experiments on virus acquisition by aphids, virus preparations were sedimented by centrifugation through cushions of 20~o sucrose at 370000 g for 20min, resuspended in 20 mM-phosphate buffer pH 7.6, and clarified by centrifugation at 10000 g for 10min.
Concentrations of the viruses were adjusted as required, sucrose was added to a final concentration of 5~o and samples of 250 to 300 txl were sandwiched between two layers of stretched Parafilm membrane (Parafilm M, American Can Company) secured at the top of a feeding chamber consisting of a plastic tube 15 mm in diameter (Rochow, 1960) . Apterous aphids fasted for 3 to 4 h were placed on the membrane and each aphid was observed and removed after probing for 1 to 2 min. The aphids were then caged on small seedlings of N. clevelandii or N. tabacum for 24 h and then killed with insecticide. The plants were maintained in the glasshouse and examined for symptoms over 3 weeks.
Reassembly of stoichiometric mixtures of VTAV RNA and protein produced particles in yields (calculated by the amount of protein recovered in virus particles relative to that used for reassembly) of about 80~o. The particles were indistinguishable from those in preparations of native VTAV when examined by electron microscopy (Fig. l a) and sucrose density gradient centrifugation ( Fig. 2a ). Homologous reassembly of MCMV also produced similar particles in yields of about 65~ (data not shown). Heterologous reassembly of stoichiometric mixtures of VTAV protein with MCMV RNA (Fig. 1 b and 2b) and MCMV protein with VTAV RNA (data not shown) also produced typical infectious cucumovirus particles structurally indistinguishable from each other and from the native particles of either virus. Yields of these particles were between 65 and 70 ~o.
Virus particles, indistinguishable from those of the cucumoviruses when examined in the electron microscope, were also reassembled from TMV RNA and protein from either VTAV or MCMV ( Fig. 1 c and d) . However, the sedimentation profiles of these preparations differed in that the particles sedimented as two principal peaks (Fig. 2c ). When the preparations were mixed with reassembled VTAV, the slower of the two fractions cosedimented with the VTAV (data not shown). However, the infectious material was associated with the faster sedimenting particles (Fig. 2c) . Also, PAGE of fractions from the gradient revealed that all the TMV RNA was associated with the faster sedimenting infectious fractions (data not shown). The RNA content of the slower sedimenting particles was not identified and may have consisted of small heterogeneous RNA fragments.
Agarose gel electrophoresis and PAGE of the RNAs and proteins of the native and reassembled virus particles are shown in Fig. 3 (a) and 3(b) respectively, and their serological properties in Fig. 3(c) and 3(d) . These data confirmed that the reassembled particles contained the correct RNAs encapsidated in VTAV protein only.
The demonstration that MCMV and VTAV can encapsidate TMV RNA is similar to the finding by Kaper & Geelen (1971) (Francki et al., 1986a) as shown in (a). Viral proteins from dissociated virus preparations (Hajimorad & Francki, 1989) native TMV particles (Table 1) . These results demonstrate that only the coat protein determines aphid transmissibility of cucumoviruses. This was previously suspected from results of pseudorecombination experiments showing that aphid transmissibility was determined by RNA3 (Mossop & Francki, 1977) . However, the data did not preclude the possibility that the other protein with an M r of approx. 30000 (3a protein) specified by RNA3 was responsible for the aphid transmissibility. This protein is now thought to be involved in cell-to-cell movement (Davies & Symons, 1988) . In experiments similar to ours, Gera et al. (1979) showed that the relative transmission efficiency of two CMV strains by Aphis gossypii was the property of their coat proteins. The lack of specificity with which cucumovirus proteins encapsidate RNAs in vitro raises some interesting questions regarding cucumovirus particle assembly in vivo. We are not aware of any reports of cucumovirus particles assembled in vivo which contain RNAs other than their own. However, if only small amounts of heterologous RNAs were encapsidated, they may easily have been overlooked. For example, velvet tobacco mottle virus encapsidates infective potato spindle tuber viroid in plants infected by both pathogens, although extremely sensitive methods had to be used to demonstrate the small amounts of viroid present (Francki et al., 1986b) .
Transcapsidation can occur between isolates of barley yellow dwarf virus, luteoviruses which are aphidtransmitted in the persistent manner and differ in vector specificity (Rochow, 1977) . Another luteovirus, carrot red leaf virus (CRLV), can encapsidate the nucleic acid of carrot mottle virus which can then be transmitted by the aphid vector of CRLV (Waterhouse & Murant, 1983) . As cucumoviruses can encapsidate heterologous RNAs in vitro, it seems possible that they may also be able to do this in vivo. This could lead to the encapsidation and aphid transmission of viruses which are not usually spread by these insects. This possibility needs investigation, especially in the light of the currently popular strategy of engineering plants expressing the CMV coat protein for protection against infection with the same or closely related viruses (Cuozzo et al., 1988) . Of course, a precaution against this possibility would be to use coat protein genes from cucumovirus strains such as MCMV which are not transmitted by aphids.
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